Epidermal growth factor (EGF) stimulates proliferation, process outgrowth and survival in the CNS. Understanding the actions of EGF necessitates characterizing its distribution in brain tissue following drug delivery or release from cellular sources. We used the integrative optical imaging (IOI) method to measure diffusion of fluorescently labeled EGF (6600 M r ; 4 µg ml -1 ) in the presence of excess unlabeled EGF (90 µg ml -1 ) to compete off specific receptor binding and reveal the "true" EGF diffusion coefficient following injection in rat brain slices (400 µm). The effective diffusion coefficient was 5.18 ± 0.16 × 10 -7 cm 2 s -1 (mean ± S.E.M.; n = 22) in rat somatosensory cortex and the free diffusion coefficient, determined in dilute agarose gel, was 16.6 ± 0.12 × 10 -7 cm 2 s -1 (n = 27). Tortuosity (λ), a parameter representing the hindrance imposed on EGF by the convoluted brain extracellular space (ECS), was 1.8, the lowest yet measured by IOI for a protein in brain. Control experiments with fluorescent dextran of similar molecular weight and tetramethylammonium confirmed EGF did not affect local ECS structure.
INTRODUCTION
Neurotrophic factors such as epidermal growth factor (EGF) and nerve growth factor (NGF) are diffusible signals capable of regulating the development, growth and survival of neurons (Loughlin and Fallon 1993) . The spatial and temporal aspects of neurotrophic factor concentration gradients are thought to regulate many processes (e.g. axon guidance and dendritic branching) in both the developing and mature nervous system (Goodhill 1998; Cao and Shoichet 2001; Horch and Katz 2002) . During development, limited amounts of specific neurotrophic factors are secreted by target cells, supporting the survival of neurons close enough to receive a sufficient supply (Levi-Montalcini 1987) .
Similarly, therapeutic delivery of exogenous growth factors to the CNS is constrained by limitations on protein spread, so that target sites of action must be close to sites of release (Thorne and Frey 2001) . Diffusion governs the movement of molecules through brain extracellular space (ECS) and determines, along with clearance (enzymatic breakdown or efflux across the blood-brain barrier) and cellular uptake, the distribution of molecules after their release into the ECS (Nicholson and Syková 1998; Nicholson 2001) . Although the diffusion coefficients of small ions (Nicholson and Phillips 1981; Cserr et al. 1991; Lehmenkühler et al. 1993; Pérez-Pinzón et al. 1995; Kume-Kick et al. 2002) and macromolecules such as dextrans (Nicholson and Tao 1993) and albumins (Tao and Nicholson 1996) have been determined in brain tissue, there is no information about the diffusion characteristics of neurotrophic factors other than NGF (Stroh et al. 2003) .
Two independent factors govern the diffusion of molecules through biological tissues (Nicholson and Syková 1998; Nicholson 2001) , the volume fraction of the ECS (α) and tortuosity (λ). Studies utilizing electron microscopy, radiotracers or iontophoresis of small ions all indicate a value for α in normal brain of about 0.2 (i.e.
ECS accounts for 20% of the total tissue volume). The hindrance experienced by molecules as they travel through the porous brain ECS and encounter obstructions is Whereas α is a property of the tissue, λ is sensitive to tissue properties such as geometry (Tao 1999; Chen and Nicholson 2000; Kume-Kick et al. 2002; Hrabětová et al. 2003 ) and extracellular matrix composition (Rusakov and Kullman 1998; Voříšek et al. 2002; Vargová et al. 2003) , as well as to binding (Berk et al. 1997 ) and the physicochemical properties (size, shape and charge) of the diffusing molecule (Nicholson and Tao 1993; Tao and Nicholson 1996; Prokopová-Kubinová et al. 2001) . In theory, diffusion analysis using appropriate small markers can isolate the effects of tissue properties on λ, because the influences of binding and the physicochemical properties of the diffusing molecule are negligible. Accordingly, measurements with small ions such as tetramethylammonium have yielded λ ~ 1.6 in most brain regions, both in vivo (Nicholson and Phillips 1981; Cserr et al. 1991; Lehmenkühler et al. 1993; Mazel et al. 1998; Roitbak and Syková 1999) and in the rat brain slice preparation (Rice and Nicholson 1991; Pérez-Pinzón et al. 1995; Hrabětová and Nicholson 2000; Cragg et al. 2001; Hrabětová et al. 2002; Kume-Kick et al. 2002) . Studies with dextran macromolecules have shown λ increases from 1.7 -1.8 for 3000 and 10,000 M r dextrans to about 2.2 for 40,000 and 70,000 M r dextrans (Nicholson and Tao 1993) , suggesting globular molecules experience an increase in hindrance above a critical size. To date, JN-00352-2004.R1 measurements with protein macromolecules have shown λ to be in the range of 2.1 -2.5 (Tao and Nicholson 1996; Stroh et al. 2003) , although these studies have been limited to three albumin species (14,500 -66,000 M r ) and NGF (26,500 M r ). The question whether a smaller protein might diffuse through brain ECS with less hindrance, approaching the low λ observed with smaller (≤ 10,000 M r ) dextrans is as yet unresolved.
Epidermal growth factor is a small (53 amino acids; 6100 M r ), negatively charged (isoelectric point (pI) ~ 4.6) neurotrophic factor (Taylor et al. 1972 ) that is capable of stimulating proliferation, chemotaxis, process outgrowth and survival in the CNS (Yamada et al. 1997) . Expression of EGF and its receptor in the CNS are regionally and developmentally dependent (Gómez-Pinilla et al. 1988; Yamada et al. 1997) . In adult rat telencephalon, EGF levels are low while EGF receptor immunoreactivity is prominent in cortical neurons of layers IV and V (Gómez-Pinilla et al. 1988) . Much is known about the signal transduction mechanisms following EGF binding to its receptor (Sako et al. 2000; Schlessinger 2002 ), but EGF diffusion has not been explicitly studied.
We hypothesized that EGF would diffuse through brain ECS with lower λ than larger proteins and that this enhanced transport could be physiologically important. Here, we have measured the diffusion of EGF in the rat neocortical slice preparation using integrative optical imaging (IOI) and illustrate the possible significance of the results through appropriate modeling. 
METHODS

Neocortical slice preparation
Fluorescent conjugates
Initial diffusion measurements were conducted in agarose with fluorescein, tetramethylrhodamine and Oregon Green 514 (OG514) conjugates of mouse submaxillary gland EGF (catalog #s E-3478, E-3481 and E-7498, respectively; Molecular Probes). Since OG514-EGF demonstrated better photostability than fluorescein-EGF and tetramethylrhodamine-EGF tended to aggregate in solution, we used OG514-EGF ( was reconstituted to a final concentration of 4 µg ml -1 (610 nM) with 90 µg ml -1 unlabeled EGF (catalog #E1257, Sigma) in phosphate buffered saline, containing 0.1%
BSA. Texas Red labeled 3000 M r dextran (TR-dex3; catalog #D-3329; Molecular Probes) was used at a concentration of 1 mM in 154 mM NaCl, as described previously (Nicholson and Tao 1993 ). An additional 1 mM TR-dex3 solution containing 100 µg ml -1 unlabeled EGF (catalog #E1257, Sigma) was prepared to assess the influence of EGF on ECS structure. All solutions were vortexed for 1-2 min, centrifuged at 12,000 × g for 5 min and then loaded into micropipettes, pulled from thin-wall borosilicate capillary glass (catalog #6170, A-M Systems Inc.), with tip diameters of 3 -6 µm.
Integrative optical imaging (IOI)
The IOI method uses epifluorescence microscopy and quantitative image analysis to measure the diffusion of molecules over time after a brief pressure ejection, et al. 1990 ).
The basic experimental setup for IOI has been thoroughly described (Nicholson and Tao 1993) . The system used for the present study (shown schematically in Fig. 2A 
and ( mM NaCl. This agarose is uncharged (i.e. there is no measureable electroendosmosis) due to minimization of normally present fixed anions (pyruvate and sulfate).
Determination of both D and D
* by IOI enabled calculation of λ, a parameter reflecting the ratio of the increased path length traveled in an obstructive medium (i.e. brain) to the path length traveled in a free medium for the average diffusing molecule (Fig. 2D ).
Real-time iontophoretic (RTI) method
The RTI method employs iontophoresis of small ions, most commonly with the transport number of the ISM, allowed α to be calculated.
Modeling
Models were generated and plotted in MATLAB using Eq. (1) for instantaneous release [ ]
where x is the distance from the interface and other variables are as described above.
RESULTS
EGF diffusion is hindered in somatosensory cortex
Diffusion coefficients were determined for a fluorescent analog of EGF, Oregon Green 514 EGF (OG514-EGF; 4 µg ml -1 ), in the presence of excess (90 µg We needed longer pressure pulses in cortex (200 ms) than in agarose (100 ms) to achieve sufficient fluorescence intensity, likely a consequence of greater light scattering in tissue. Figure 3B shows the Gaussian-shaped fluorescence intensity distributions, measured along an axis through the center of each image, along with the superimposed curve fits.
The curves showing diffusion in agarose flatten and broaden characteristically over this short time period, a phenomenon predicted for point source diffusion and also clearly seen in cortex when curves for longer times are examined (not shown). It is evident that the diffusion of EGF is hindered in cortex relative to agarose, a finding reflected in the diffusion coefficients obtained in each medium (Table 1) . This hindrance was characterized by λ = 1.79 ± 0.03, similar to values reported previously for 3000 and 10,000 M r dextrans (Nicholson and Tao 1993; Tao and Nicholson 1996) .
EGF does not alter neocortical ECS structure over the short time span of IOI measurements
Following each injection of OG514-EGF and subsequent image acquisition, the micropipette was withdrawn from the slice and moved to a new location, not less than 600 µm from the previous injection. In this manner, repeat injections of OG514-EGF were never performed in the same parenchymal location to eliminate the possibility that EGF might affect the local environment and influence OG514-EGF diffusion after later injections. However, it was still possible that the first injection might immediately trigger a tissue response that could affect the ECS and influence the diffusion of OG514-EGF. In order to rule out this possibility, control experiments assessed whether simultaneous injections of 100 µg ml -1 EGF (approximately the same concentration as the total EGF (94 µg ml -1 ) in the micropipette for OG514-EGF diffusion measurements) and
Texas Red labeled 3000 M r dextran (TR-dex3; 1 mM) influenced the diffusion of TRdex3 in somatosensory cortex. TR-dex3 was chosen because its diffusion in somatosensory cortex has been studied extensively with IOI ( Table 2 summarizes diffusion-related parameters for all proteins and dextrans that have been studied to date in brain tissue. With the exception of the recent application of two photon microscopy to measure D * for NGF in the striatum (Stroh et al. 2003) , all the other data has been obtained using IOI in the neocortical slice preparation, as in the present study. Two distinct groups of λ are evident from the data in Table 2 (indicated by the dashed line), a low λ group (λ ~ 1.8) comprising EGF and the two lower molecular weight (3000 and 10,000 M r ) dextrans and a high λ group (λ ~ 2.3) comprising all proteins and dextrans > 10,000 M r . Our result demonstrates for the first time that a globular protein can diffuse in brain with low λ. Previously, it had been suggested that the dimensions of the ECS might further hinder transport of macromolecules above a critical size (Nicholson and Tao 1993), based upon work with dextrans where the transition from low to high λ occurred between 10,000 and 40,000 M r dextrans, with corresponding hydrodynamic diameters of 45 and 146 Å, respectively. The present study allows for a much better estimate of this critical region. Considering the size of EGF, lactalbumin and NGF in Table 2 , the low and high λ groups suggest macromolecules experience significantly greater hindrance in brain ECS once their hydrodynamic diameters reach a critical region somewhere between 40 -50 Å.
EGF diffusion in brain is characterized by low λ
It is reasonable to expect that a protein's net charge might also affect its migration Table 2 are either neutral (dextrans) or negatively charged (EGF and the albumins) at physiological pH, with the exception of NGF, a positively charged protein with a pI ~ 10 1996; Stroh et al. 2003) . This would seem to suggest that net charge is not a significant factor affecting migration through the ECS in normoxic tissue, at least for this limited group of proteins. It may be of interest to explore this issue further with positively charged, low molecular weight proteins (e.g. insulin-like growth factor-I or transforming growth factor-α).
Low λ will allow EGF to elicit effects further from sources in some cases
What might be the significance of low λ for a neurotrophic factor such as EGF? Figure 6 shows two hypothetical cases (assuming α = 0.20), the first of which depicts EGF and NGF concentration profiles following their release from a point source (Eq. (1)), such as after quantal release from a cell or a brief local injection (Fig. 6A) . Two curves are shown for EGF, one in which it migrates through tissue with the experimentally determined low λ (1.79) and the other in which its diffusion is more hindered, with a λ typical of the proteins and dextrans > 10,000 M r in Table 2 (average λ = 2.26). Only EGF exhibiting a low λ reaches a level substantially above the receptor affinity constant (K D = 0.67 nM (Waters et al. 1990) ) at this distance from the release site (r = 600 µm).
EGF exhibiting high λ manages only a slightly higher peak concentration than NGF. The curves are illustrative of a trend, with the specific distance and concentrations chosen arbitrarily. While the difference in λ may not seem too dramatic for the two cases, it is important to recognize that the high λ situation represents nearly a 40% reduction in the value of D * . Similarly, continuous release of EGF or NGF from an interface (Eq. (4); e.g.
EGF diffusion in brain extracellular space JN-00352-2004.R1 the ventricular wall during intracerebroventricular infusion) illustrates the increased penetration distance of low λ EGF compared with high λ EGF or NGF (Fig. 6B) .
Particularly with lower rates of elimination, EGF can reach a given concentration hundreds of microns further into the tissue when diffusing with low as opposed to high λ.
It is obvious that the magnitude of the elimination rate constant significantly affects the concentration profile (Fig. 6B ). For our experiments, elimination was assumed to be negligible for three reasons: (1) 1997) and astrogliosis (Roitbak and Syková 1999; Voříšek et al. 2002) . Increases in λ have also been described for 3000 M r dextran in a thick slice model of ischemia (Hrabětová et al. 2003) and in slices exposed to osmotic stress by hypotonic media (Tao 1999). Therefore, λ for EGF and other biologically important macromolecules will likely increase in injured tissue (i.e. D * will be reduced), so that their effects will be constrained. It is also likely that some types of pathology will further enhance the differences in λ observed between high and low λ groups of macromolecules under normal conditions. For instance, the relative increase in λ for TMA + is significantly less than that observed for 3000 M r dextran during both ischemia (20% and 64% increase, respectively; Hrabětová et al. 2000 Hrabětová et al. , 2003 and osmotic stress resulting from slice incubation in 150 mOsm/kg ACSF (10% and 34% increase, respectively; Tao 1999; Kume-Kick et al. 2002) . In summary, the diffusion of EGF may be significantly modified during injury or disease of the CNS, with consequences for both its normal action and its effects relative to that of larger growth factors such as NGF.
Conclusions
We have determined the free diffusion coefficient ( 
where k is Boltzmann's constant, T is the absolute temperature (K), η is the viscosity of water (Pa·s) and R H is the hydrodynamic radius of the protein (Å), whose shape is assumed to be rigid and spherical.
Correlations for prediction of D based upon molecular weight (M r )
Molecular radius is proportional to M r 1/3 for a solid spherical protein (i.e. 
Correlations for prediction of D based upon radius of gyration
Correlations utilizing the radius of gyration have been developed to more accurately predict D for proteins whose shape deviates from spherical. Tyn and Gusek (1990) have suggested a correlation based upon experimental data for 86 proteins (12,640 -50,000,000 M r ), using an adaptation of the Stokes-Einstein equation:
where B = 1.69 × 10 -5 cm 2 s -1 Å -1 (20°C) and R G is the radius of gyration (Å). Although R G for OG514-EGF is not available, small angle x-ray scattering has been used to determine R G = 11.5 ± 0.44 Å for recombinant human EGF (6200 M r ) (Lemmon et al. 
Prediction of D based upon ultracentrifugation data
The classical Svedberg equation, used to determine protein sedimentation coefficients in ultracentrifugation studies (Laue and Stafford 1999) , may be rearranged in the form:
where s is the sedimentation coefficient (s), R is the gas constant, T is the absolute temperature (K), ν is the partial specific volume (cm 3 g -1 ) and ρ is the density of water (ρ 20 = 0.99823 g cm -3 ). During the initial characterization of mouse submaxillary gland EGF, Cohen and colleagues determined ν (0.69 cm 3 g -1 ) and s 20 (1.25 × 10 -13 s) for EGF (6400 M r ) by sedimentation equilibrium ultracentrifugation (Cohen 1962; Taylor et al. 1972 Figure 6. Modeling of two different release paradigms using data from the present study and from one recently described for nerve growth factor (Stroh et al. 2003) . A comparison is made of the concentration profiles resulting from EGF displaying a tortuosity corresponding to the experimentally derived value from the current study (λ = 1.79) or from that of other proteins / dextrans with MW greater than 10,000 (λ = 2.26; average λ for macromolecules below dashed line in Table 2 ). Also shown are curves for the 26,500 M r nerve growth factor using experimental values (Stroh et al. 2003) . A, instantaneous release after injection or a cellular pulse (see Eq.
(1) in Methods).
Concentration at radius = 600 µm following diffusion from a point source (UC p = 10 
